between astrocytes and neurons (20) , as well as between glycolytic and oxidative cancer cells (21) .
Furthermore, its role as a signaling molecule (termed "lactormone" (19) ) has recently been shown (22) (23) (24) (25) (26) .
Given recent evidence demonstrating that expression of MCT in adipose tissues is controlled by physiological stimuli of browning (15) , we aimed to investigate whether lactate could directly regulate browning remodeling of white adipocytes. Here we show that lactate strongly increases thermogenic gene expression in mouse and human white adipose cells, this effect being dependent on the presence of an active PPARγ signaling. Importantly, we demonstrate that the lactate effect on Ucp1 is mediated by intracellular redox modifications, as a result of lactate transport through MCT. We also show that β-hydroxybutyrate, another metabolite having the same consequence on cellular redox state, is also a strong browning enhancer.
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RESEARCH DESIGN AND METHODS
Animals. All studies were carried out using male C57Bl/6J mice obtained from The Harlan Laboratory.
Pparα-null mice were obtained from Jackson Laboratory (Bar Harbor, USA). Animals were housed in a controlled environment (12-hour light/dark cycles at 21°C) with unrestricted access to water and a standard chow diet (UAR), in pathogen-free animal facility (IFR150) and euthanized by cervical dislocation. All experimental procedures were done in compliance with French Ministry of Agriculture regulations for animal experimentation.
Primary culture of adipose-derived stem/stromal cells (ASC) and adipocyte differentiation. White stromal vascular fractions (SVF) from 6-8 weeks old mice were obtained as described (27) . Following centrifugation, SVF cells resuspended in culture medium (αMEM plus 0.25U/ml amphotericin, 100U/ml penicillin, 100 mg/ml streptomycin, biotin, ascorbic acid, panthotenic acid and 10% NCS) were plated and rinsed with PBS 3 h after plating. Remaining adherent adipose-derived stem/stromal cells (ASC) were grown to confluence and exposed to the adipogenic cocktail containing 5 µg/ml insulin, 2 ng/ml T3, 33.3 nM dexamethazone, 10 µg/ml transferrine and 1 µM rosiglitazone in complete medium. Adipocytes Maintenance and differentiation of human adipocyte progenitors. Human adipocyte progenitors were derived from induced pluripotent stem cells (hiPS) (Mohsen-Kanson et al. submitted for publication) and cultivated as already described (28) (29) . For adipocyte differentiation, cells were cultured in proliferation medium, which was supplemented with 0.5 mM isobutylmethylxanthine, 0.25 µM dexamethazone, 0.2 nM T3, 1 µg/ml insulin and 1 µM BRL49653 once cells reached confluence.
Western Blot analysis.
We extracted proteins and performed western blotting as described (30) . Sources of antibodies are UCP1 (Alpha Diagnostic; UCP11-A, diluted 1/2000), MCT4 (Santa Cruz Biotech. sc-50329, diluted 1/500) or actin (Sigma; A5541, diluted 1/5000).
In vivo injection of rosiglitazone and lactate. 6 weeks old mice were randomly divided into four groups and injected intra-peritonealy daily (200µl) with either dimethyl sulfoxide (DMSO) 5% / lutrol F127 (BASF, Levallois-Perret, France) 2% and PBS 93% (v/v/v), rosiglitazone (250µg/mice), L-sodium-lactate (375µmol/mice) and a combination of both molecules. After 11 days of injection and overnight fasting, mice were euthanized by cervical dislocation and inguinal and interscapular fat pads were harvested. Concerning UCP1 immunohistochemistry, mice were anesthetized by an intra-peritoneal injection of ketamine (100mg/kg)-xylazine (10mg/kg) before receiving an intracardiac perfusion of 3.6% formaldehyde. Total inguinal depots were removed, post-fixed at 4°C overnight and rinsed in PBS.
Immunohistochemistry. Sections of inguinal depots (200 µm) or differenciated adipocytes cultivated in labtecks were blocked and permeabilized 30 min at room temperature in PBS-2% horse serum-0.2% triton before incubation with sheep anti-UCP1 primary antibody (generous gift from Daniel Ricquier) diluted at 1/5000. After washing steps, samples were incubated with alexa fluor 488 secondary antibody (Invitrogen, Cergy Pontoise, France). Adipocytes were visualized by staining lipid droplets with 4,4-difluoro-4-bora3a,4a-diaza-s-indacene-3-dodecanoic acid (BODIPY) 558/568 C12 diluted at 1/2000. Nuclei were stained with DAPI (4′,6-diamino-2-phenylindole dihydrochloride) diluted at 1/10000. Fluorescence analysis was performed using a multi-photon laser scanning microscope (Zeiss LSM510 NLO confocal microscope equiped with a femto seconde Coherent pulsed laser).
Lactate and glucose measurements. Plasma and extracellular lactate levels were measured with the Lactate Pro Test Meter (Arkray). Glucose concentrations in cell supernatants were measured using Contour TS (Bayer) respectively. Values were normalized by cellular protein content of the feeder cell layer (differentiated adipocytes). O 2 consumption. The whole cell layer of differentiated adipocytes was harvested and incubated in culture medium without serum and supplemented with 4% free fatty acid BSA in a magnetically stirred oxygen electrode chamber thermostated to 37°C. Oxygen consumption was measured polarographically using a Clark oxygen electrode (Oxygraph-2K Oroboros). The chamber was closed and the cells were incubated to determine the basal respiratory rate. Oligomycin (2µg/ml) was then added to measure the coupled respiration rate and antimycin (20µM) to measure mitochondrial-derived oxygen consumption. Oxygen consumption rate was determined from the slope of a plot of O 2 concentration versus time.
NADH/NAD
+ assessment. NADH/NAD + ratio was assessed by the EnzyChrom NAD + /NADH Assay Kit (BioAssay Systems). 
RESULTS
Expression of monocarboxylate transporters in brown versus white adipose depots
As expected, higher expression of Ucp1 was detected in BAT compared to white adipose depots (Fig.1A) .
We compared the expression of Mct1 and Mct4, the main monocarboxylate transporters enabling lactate uptake and export respectively (21-22; 31) , in both brown and white adipose depots. Higher amount of Mct1 mRNA was found in BAT compared to WAT depots (Fig.1B) . Conversely, Mct4 mRNA levels were greater in WAT, especially in the low Ucp1 expressing epididymal fat pad, compared to BAT (Fig.1C) .
Furthermore, in mice exposed to 4°C for 1 to 7 days, we observed, in addition to the increase in Ucp1 expression in both BAT and inguinal depots (Fig.1D) , an increase in the expression of the lactate-importing isoform Mct1 (Fig.1E ), without any change in Mct4 expression (Fig.1F ). In addition, we found that plasma lactate levels significantly rose after 24 h and 72 h of cold exposure and returned to basal levels after 7 days of cold exposure (Fig.1G ). These data show that brown and white adipose depots display different profiles for MCT expression and that in vivo browning induced by cold acclimation is associated with an increased lactate import system in adipose depots together with transient modification of plasma lactate levels.
Lactate induces thermogenic gene expression in both murine and human adipose cells
We then directly assessed the effects of lactate on adipocyte biology. Acute 48 h treatment of differentiated adipocytes isolated from inguinal fat pad with lactate resulted in a robust increase of Ucp1 mRNA levels together with an up-regulation of the expression of additional key thermogenic genes such as Cidea, Fgf21
and Hoxc9, without any significant effect on other genes involved in brown fat cells function such as Ppargc1a, Prdm16, Tbx1, Zic1 and Lhx8 ( Fig.2A ). This effect is specific to Ucp1 as no change was observed for Ucp2 ( Fig.2A ). Lactate treatment also increased the expression of the mitochondrial marker
Cox7a1 as well as the fatty acid oxidation marker Cpt1b ( Fig.2A ). While no effect was observed for Fabp4
nor Lpl adipogenic genes, lactate significantly increased the expression of the nuclear receptor Pparg, a master regulator of both white and brown adipogenesis ( Fig.2A) . The increase of Ucp1 mRNA levels by lactate was associated with an increase in UCP1 protein content as shown by Western Blot ( Lactate-increased Ucp1 expression was already observed after 24 h of treatment, in a dose-dependent manner ( Fig.2D) , with an effect starting at 5mM and reaching its maximum at 25mM. This lactate-induced Ucp1 gene expression was not due to osmotic perturbations as mannitol did not up-regulate Ucp1 (data not shown). Importantly, lactate-mediated increase in thermogenic gene expression also occurred in humaninduced pluripotent stem-derived adipocytes ( Fig.2E ) (29), demonstrating lactate effect on human cells.
Together, these data reveal that lactate is a strong inducer of brown adipose gene expression in white adipose cells, and this effect is conserved between species.
Induction of Ucp1 by lactate is distinct from HIF-1α and PPARα transduction pathways but requires an active PPARγ signaling
During our investigation on lactate-regulated gene expression in white adipose cells, we observed an increase in the expression of Glut1, Vegf and Cox4i2 (Fig.3A) . These genes are all targets of the hypoxiainducible transcription factor HIF-1α (32) (33) , which has been shown to be stabilized by lactate (22) . Our observation that DMOG, a prolyl-4-hydroxylase inhibitor which stabilizes HIF-1α (32), increased Glut1, Fig.3D) and is decreased by the PPARγ antagonist GW9662 (Fig.3E) . As the expression of Fabp4 and Adipoq, two well-described PPARγ targets, was not up-regulated by lactate treatment (Online Supplemental Fig.1 ), we concluded that lactate requires a functional PPARγ signaling to regulate Ucp1 expression, but does not activate PPARγ directly.
Lactate induces browning of WAT in vivo
To determine whether lactate-induced browning also occurs in vivo, we treated mice with daily intraperitoneal injection of lactate for 11 consecutive days. As shown in Fig.4A and 4B, lactate treatment by itself did not change Ucp1 expression in inguinal nor in iBAT fat pads. We then injected lactate in rosiglitazone-treated mice, as this anti-diabetic compound had been previously shown to favor the browning process. As previously described (35) , rosiglitazone-treated mice displayed an increase in Ucp1 expression in ING (Fig.4A) , without any significant difference in Ucp1 expression in iBAT (Fig.4B) . Strikingly, lactate co-injection with rosiglitazone further strongly enhanced both Ucp1 and Cidea expression compared to rosiglitazone-injected mice (Fig.4A ) as well as mRNA levels of Hoxc9, Cox7a1, Cpt1b, Acox and Pdk4 (Online Supplemental Figure 2 ). This browning effect is specific to subcutaneous white adipose depot as it did not occur in iBAT (Fig.4B) . The strong browning effect of lactate and rosiglitazone co-treatment on
Ucp1 expression was associated with a high increase in UCP1 protein content (Fig.4C ). High magnification shows that UCP1 positive cells are multilocular adipocytes, whereas unilocular adipocytes are UCP1 negative (Fig.4D) . Together, these data demonstrate that lactate induces the emergence of inducible brown adipocytes in white fat depots of mice treated with a PPARγ agonist.
Lactate transport through monocarboxylate transporters controls Ucp1 expression
To gain new insight in the mechanisms underlying lactate-induced Ucp1 expression, we first investigated the role of the lactate receptor GPR81. Increasing doses of the GPR81 agonist 3,5-DHBA did not affect Ucp1 expression (Online Supplemental Fig.3A ) although this compound was effective in decreasing isoproterenol-induced lipolysis (Online Supplemental Fig.3B ) as already described (36) . To address the putative involvement of MCT in lactate-mediated increase in Ucp1 expression, we used two distinct MCT We found that both CHC (α-cyano-4-hydroxycinnamate) and phloretin totally abrogated lactate-induced Ucp1 expression (Fig.5A) . Interestingly, these inhibitors also decreased Ucp1 expression in basal conditions (without extracellular lactate addition) suggesting that lactate endogenously produced and consumed by cells controls Ucp1 expression. We then targeted Mct1 and Mct4 expression using an RNA interference approach.
While down-regulating Mct1 expression induced no effect on Ucp1 mRNA levels (data not shown), Ucp1 expression was very sensitive to Mct4 knock-down (consequences of Mct4 knock-down are shown at mRNA levels ( Fig.5B ), protein levels ( Fig.5C ) and functional levels assessed by lactate measurement in cell supernatants (Fig.5D) ). Indeed, reducing expression of the lactate exporting MCT4 isoform strongly enhances Ucp1 expression, in both control and lactate-treated conditions (Fig.5E ) suggesting that intracellular lactate levels dictate Ucp1 expression in white adipocytes. Altogether, these data show that lactate regulates Ucp1 expression in adipocytes via MCT-mediated transport and in a GPR81-independent manner.
Redox control of Ucp1 expression
Among the diverse consequences of increasing intracellular lactate levels through MCT, redox state (i.e. [NADH/NAD + ] ratio) might be changed through lactate conversion into pyruvate by the isoform B of the lactate dehydrogenase (Fig.6A) . We then tested the effect of the ketone body 3-hydroxybutyrate (βHB),
another monocarboxylate able to similarly affect redox state (Fig.6A) , on Ucp1 expression. Strikingly, treatment of differentiated white adipocytes with βHB strongly increased expression of both Ucp1 and Cidea in a dose-dependent manner (Fig.6B) . In contrast, neither acetoacetate nor pyruvate displayed similar effects ( Fig.6C and 6D ). The similar effect of lactate and βHB and the lack of effect of acetoacetate and pyruvate plus the increased [NADH/NAD + ] ratio in lactate-or βHB-treated adipocytes (Fig.6E) clearly suggested a role for cellular redox state in the control of Ucp1 expression. We then co-treated cells with lactate and increasing concentrations of pyruvate to modulate intracellular redox state according to the law of mass action (Fig.6A) . Clearly, addition of pyruvate significantly decreased lactate-induced Ucp1 expression (Fig.6F) as did the addition of acetoacetate in βHB-treated cells (Fig.6G) . Furthermore, addition of the (Fig.6H) . Altogether these data demonstrate that cellular redox change induced by lactate and βHB triggers their effect on Ucp1 expression.
DISCUSSION
Although no metabolite has been previously shown to regulate the browning process, we demonstrate here that lactate drives the fate of white adipose murine and human cells towards a brown and oxidative phenotype through sharp and rapid changes in several brown gene expression including Ucp1. We show that this lactate-based browning remodeling is mediated by intracellular redox modifications, and that metabolites which similarly impact redox state such as the ketone body β-hydroxybutyrate also constitute strong browning inducers. We propose that under these conditions, induction of UCP1 constitutes an adaptive mechanism to alleviate redox pressure in adipocytes (Fig.7) .
Whereas lactate has been considered for a long time as a glycolytic waste product, its role as a true signaling molecule (termed "lactormone" (19)) has been recently emphasized. At physiological concentrations (from 10mM in plasma after acute exercise to 25mM (38) or even 40mM in muscle or certain tumors (39) respectively), lactate has been shown to specifically control gene expression in several cell types (22) (23) (24) (25) (26) . Notably, lactate controls expression of several proteins involved in mitochondrial activity and biogenesis (24) . Here, we show that lactate is also a strong enhancer of thermogenic gene expression. This effect starts at 5mM and is highly specific because it did not affect Ucp2. Lactate can act through MCT transporters (12) and membrane receptors (17) . In particular, lactate mediates the anti-lipolytic action of insulin through activation of the Gi-coupled receptor GPR81 by inducing a decrease in cAMP levels (40) .
We show here that although activation of GPR81 inhibits isoproterenol-induced lipolysis as already described (36), it does not induce Ucp1 expression. In any event, it is hardly conceivable that activation of Gi-coupled GPR81, which decreases cAMP levels, contributes to Ucp1 expression given the cAMPdependent regulation of Ucp1 expression under noradrenergic stimulation. Conversely, we show by molecular and knock-down approaches that lactate transport through MCT is critical for the regulation of Ucp1 expression. Whereas the two pharmacological inhibitors used, described as inhibitors of lactate import We found that lactate increases expression of several HIF-1α target genes, these findings being in total agreement with recent data demonstrating that lactate stabilizes HIF-1α through its MCT-mediated intracellular transport and direct inhibition of prolyl hydroxylase activity (22) . However, we show that HIF-1α signaling is not involved in Ucp1 expression. We also showed that lactate regulates Ucp1 expression in a PPARα-independent manner but required an active PPARγ signaling pathway. In addition to these in vitro findings, we also show that the combination of lactate and the anti-diabetic compound rosiglitazone constitutes a strong inducer of brown-like adipogenesis (and increased expression of some mitochondrial and β-oxidation markers), in white adipose depot, demonstrating that lactate controls the browning process in vivo. This is also in agreement with a recent demonstration that a ketone ester enriched diet activates BAT and increases Ucp1 expression in white adipose depot of C57Bl6 mice (46) . It is also noteworthy that β-hydroxybutyrate constitutes a major energy metabolite for the newborn at a time where brown fat thermogenesis is crucial (47) . Our findings bring very new insights in the browning field as they demonstrated for the first time that specific metabolites have a drastic and direct impact on this phenomenon. Furthermore, because lactate or β-hydroxybutyrate promotes an oxidative phenotype with uncoupled mitochondria and elevated oxidation rate that in turn will decrease the redox pressure, browning remodeling of white adipose tissue and redox-dependent increase in Ucp1 expression appears as an adaptive mechanism to alleviate redox pressure. This corresponds to an unexpected and new function for the development of these brown like adipocytes and opens new perspectives for the control of adipose tissue browning and its physiological relevance.
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